The entry of primate immunodeficiency viruses into target cells is achieved through activities of the virus-encoded envelope (Env) glycoprotein, a trimeric structure composed of three gp120 surface and three gp41 transmembrane subunits (6, 25, 37, 56, 59, 60) . Binding of the gp120 subunit to CD4 induces changes in Env that enable it to efficiently interact with a coreceptor (35, 54, 57) . The major human immunodeficiency virus type 1 (HIV-1) coreceptors are the CCR5 and CXCR4 chemokine receptors, while CCR5 is the primary coreceptor for simian immunodeficiency virus SIVmac (16, 22, 29) . Coreceptor binding then enables Env to undergo the final conformational changes needed to elicit fusion between the viral and cellular membranes (7, 56, 58) .
Several CD4-independent HIV-1 strains have been obtained by passaging virus on CD4-negative, coreceptor-positive cells in vitro (18, 27, 32, 34) . The resulting viruses can use either CCR5 or CXCR4 to infect cells in the absence of CD4, although infection is more efficient in its presence. In the cases examined thus far, relatively few changes are needed to render HIV-1 Env proteins CD4 independent, although a common theme appears to be enhanced exposure of a highly conserved region in gp120 that is important for CCR5 binding (17, 27, 31, 49) . This binding site, located largely in the bridging sheet region of gp120, is normally induced or exposed as a consequence of CD4 binding (33) . Thus, CD4-independent Env proteins may exist in a partially triggered state in which this conserved region is constitutively exposed and therefore available to interact directly with coreceptors (27) . CD4-independent viruses that use CXCR4 would be expected to exhibit a much broader tropism in vivo since CXCR4 is expressed on numerous CD4-negative cell types. Despite this, naturally occurring CD4-independent HIV-1 isolates have not yet been identified, perhaps because CD4 independence of HIV is associated with markedly enhanced sensitivity to antibody mediated neutralization (24, 27, 31) .
Many SIVmac strains exhibit at least some degree of CD4 independence, being able to infect CD4-negative, CCR5-positive cell types (21, 23 ). An exception to this is SIVmac239, a consistently pathogenic, neutralization-resistant, T-cell-tropic (T-tropic) SIV strain that is dependent on a threshold level of CD4 for entry into CCR5-expressing cells (4, 5, 23, 28, 44) . In this study, we show that Envs from four independently generated macrophage-tropic (M-tropic) viruses that are close relatives of SIVmac239 exhibit variable degrees of CD4 independence on both human and rhesus CCR5 (RhCCR5), thus extending our previous studies (21, 23) . In addition, these Envs exhibited enhanced susceptibility to neutralization by sera from SIVmac239-infected animals and to monoclonal antibodies (MAbs) directed against the V3 loop and CCR5 binding site. Interestingly, the M-tropic virus strains whose Envs we have studied here are less pathogenic than SIVmac239 in vivo: SIVmac1A11 infection of rhesus macaques results in a transient viremia that fails to persist (38) , while 17E-Fr infection of macaques leads to disseminated infection of tissues but does not result in immunosuppression (39) . In contrast, SIVmac239 reproducibly induces T-cell decline and leads to death of the animal due to immunosuppression by approximately 1 year postinfection (28) . Taken together, our results show a relationship between CD4 independence, macrophage tropism, neutralization sensitivity of the viral Env protein, and reduced pathogenicity in the SIVmac system. Finally, we found that the loss of only two N-linked glycosylation sites in the V1/V2 region of SIVmac239 Env resulted in gain of CD4-independent function. Partial deglycosylation of the V1/V2 region of SIVmac239 Env has also been shown to enhance antigenicity and immunogenicity, eliciting antibodies that can neutralize the parental SIVmac239 (48) , raising the possibility that the structural changes in Env associated with CD4 independence may result in either enhanced immunogenicity or exposure of neutralizing determinants in Env.
MATERIALS AND METHODS
Plasmids. The SIVmac239, 316, g4,5 g4,6, and g5,6 Env sequences were PCR amplified with primers 239f5 (5Ј-CGGGATCCGCCGCCACCATGGGATGTC TTGGGAATCAGC-3Ј) and 239f3 (5Ј-CCGAATTCCTCACAAGAGAGTGA GCTCAAGCCC-3Ј) and cloned into the pcDNA3 expression vector by using the BamHI and EcoRI sites. The 1A11 and 1100 expression plasmids have been described previously (20, 55) . All gp160 expression clones were sequenced entirely prior to fusion assay analysis.
Selection of stable cell lines. Stable cell lines expressing either the RhCCR5 protein with or without RhCD4 were generated for this study. Human 293 cells were calcium phosphate transfected with pcDNA3.1ϩZeo carrying the RhCD4 gene and/or pcDNA3 carrying the RhCCR5 gene. At 2 days posttransfection, selective medium was added containing 300 g of Zeocin (Invitrogen)/ml and/or 600 g of Geneticin (Life Technologies)/ml. Cells surviving selection were pooled and used for further studies. Inducible expression of RhCCR5 was achieved by using the T-Rex system (Invitrogen). Stable T-Rex cells expressing RhCCR5 were generated by transfection of T-Rex 293 cells with the pcDNA4 RhCCR5 plasmid. At 48 h posttransfection, cells were selected with 5 g of Blasticidin/ml and 200 g of Zeocin (both from Invitrogen)/ml. RhCCR5 expression was induced with the designated concentration of doxycycline 24 h prior to use in experiments.
Cell-cell fusion assay. This assay has been described previously (50) . Briefly, effector QT6 cells were infected with vaccinia virus expressing T7 polymerase (vTF1.1 [1] ) and then transfected with a pcDNA3 plasmid containing the designated Env gene via the calcium phosphate transfection method. Target QT6 quail cells were transfected with plasmids expressing CD4, coreceptor, and T7 luciferase. At 24 h posttransfection, effector cells were added to the target cells and fusion quantitated at 8 h postmixing by lysing the cells with 0.5% Triton X-100. An aliquot of lysate was then mixed with an equal volume of luciferase assay reagent (Promega) and luminescence read in a luminometer (Wallac).
Pseudotype infection assays. Pseudotyped virus particles were produced by transiently transfecting 293T cells with the HIV pNL-Luc-R Ϫ -E Ϫ backbone (8, 13) and Env expression plasmids. HIV-1 cores have previously been used for pseudotyping SIV Envs, and the results obtained with them agree with data obtained by other assays that examine the functionality of the Env (9, 19-21, 23, 46, 53) . At 4 h posttransfection, fresh medium was added and the cells were incubated overnight at 37°C. At ca. 30 h posttransfection, 10 mM sodium butyrate was added to boost virus production. Virus was harvested ca. 14 h afterward, immediately mixed with serial dilutions of the designated sera in a final volume of 250 l for ca. 30 min at 37°C, and then spinoculated onto target cells stably expressing RhCCR5 (in 48-well plates) by centrifugation at room temperature for 2 h at ca. 1,200 ϫ g (45) . All infections were performed in the presence of 8 g of DEAE-dextran/ml. Target cells were transfected with CD4 or green fluorescent protein (GFP) expression plasmids 48 h prior to infection. CCR5 expression was induced with doxycycline 24 h prior to infection. At 48 h postinfection the cell monolayers were lysed in 0.5% Triton X-100, and an aliquot was mixed with an equal volume of luciferase substrate and analyzed in a luminometer.
FACS analysis of doxycycline-induced cells. At 24 h postinduction, cells were lifted from the plate with phosphate-buffered saline (PBS) and washed with fluorescence-activated cell sorting (FACS) staining buffer (3% calf serum, 0.02% azide, in PBS). MAb 182 anti-CCR5 (R&D Systems) was added at a concentration of 10 g/ml for 1 h (36). Cells were briefly washed in FACS staining buffer, and then secondary antibody (phycoerythrin-conjugated anti-mouse antibody; Vector Labs) was added for 1 h. Washing was repeated, and the cells were resuspended in FACS staining buffer and fixed with 2% paraformaldehyde. Cell staining was analyzed on a FACScanner (Becton Dickinson) with CellQuest software.
RESULTS

Relative CD4 independence of SIVmac239-related Envs.
SIVmac239 is a pathogenic, T-tropic virus that requires CD4 and CCR5 to infect cells (14, 23, 44) . A number of Envs that are closely related to SIVmac239 and yet differ in characteristics such as tropism and pathogenesis have been described (Table 1) . We have previously shown that Env proteins derived from SIVmac316, 1A11, and 17E-Fr can mediate infection of cells expressing human CCR5 independently of CD4 (21, 23, 42, 51) and that 1A11 and 17E-Fr can also utilize RhCCR5 for CD4-independent infection. To determine whether CD4 independence is typically associated with alterations in tropism and pathogenesis and to directly compare the extent of CD4 independence exhibited by each Env on RhCCR5, we examined the ability of Env proteins derived from the macrophage-tropic SIVmac316, 1A11, and 17E-Fr, as well as a fourth Env protein, derived from the M-tropic strain 1100 (55) to mediate CD4-independent fusion on cells expressing human or rhesus CCR5. The derivation of each of these Envs is described here briefly. The pathogenic, biologically cloned virus 251 was generated by culture of frozen splenocytes from Macaca mulatta 251 (Mm251) with Hut78 cells (14) . The nonpathogenic molecular clones 251 and 1A11 (M tropic) were generated from subsequent passages of this culture (14, 38) . Tissues from Mm251 were also inoculated into additional rhesus macaques to generate the pathogenic, T-tropic, neutralization-resistant SIVmac239 molecular clone (14) . The SIVmac316 Env (M tropic) was cloned from the lung tissue at the terminal stage of disease of animal Mm316 that had been infected with the SIVmac239 molecular clone (43) . Passage of SIVmac239 or uncloned SIVmac251 through brain tissue or isolated brain microglia generated the M-tropic 17E-Fr and 1100 viruses which exhibit various degrees of neurotropism and neuroinvasiveness (26, 55) . The Envs were analyzed for their relative ability to support fusion with target cells expressing either rhesus or human CD4 and/or CCR5 ( Fig. 1) . Each Env supported fusion of cells expressing human or rhesus CCR5 and CD4. When CCR5 was expressed alone, the 239 Env did not mediate fusion efficiently as previously demonstrated (23) . In contrast, the M-tropic Env proteins 17E-Fr, 316, 1100, and 1A11 elicited fusion in the absence of CD4 (23) . The 17E-Fr and 316 Env proteins elicited fusion more efficiently in the presence of CD4 than in its absence, while Envs 1100 and 1A11 caused cell-cell fusion equally well in the presence or absence of CD4. We observed here that CD4-independent fusion of the 316 and 1100 Envs was more efficient with RhCCR5 than human CCR5, a finding consistent with earlier studies of the 17E-Fr and 1A11 Envs which showed that a single amino acid difference at position 13 in the CCR5 N-terminal domain impacts the efficiency of SIV gp120 binding to CCR5, as well as CD4-independent fusion and infection (21, 41) . In conclusion, four independently derived M-tropic relatives of the SIVmac239 Env protein exhibited considerable degrees of CD4 independence in stark contrast to the CD4-dependent SIVmac239.
CD4 independence is supported at low levels of coreceptor expression. The cell-cell fusion assay used to screen the Mtropic SIVmac Envs for CD4 independence typically results in the overexpression of both Env and coreceptor in order to maximize assay sensitivity (50) . To determine whether the CD4-independent fusion depicted in Fig. 1 was an artifact of this overexpression, we generated virus pseudotypes bearing either the SIVmac239 Env protein or one of the M-tropic Envs. These viruses were used to infect a stably transfected human 293 cell line in which RhCCR5 expression can be induced to various degrees with increasing concentrations of doxycycline, either in the presence or absence (Fig. 2B ) of RhCD4. RhCCR5 expression was monitored in parallel by FACS analysis ( Fig. 2A ). As shown in Fig. 2B , each of the Envs examined was able to support infection of CD4-positive cells even at very low levels of coreceptor expression. The same pattern was observed upon infection of CD4-negative cells (Fig. 2B) . Thus, the M-tropic SIVmac Env proteins studied here mediated CD4-independent cell-cell fusion and virus infection even at low levels of CCR5 expression.
CD4-independent infection is facilitated more efficiently by CCR5 than alternate coreceptors. HIV-1 tropism can be governed by differential use of CCR5 and CXCR4 (3). In contrast, both M-and T-tropic SIVmac strains use CCR5, whereas CXCR4 is rarely used (9, 20, 22, 40) . Some M-and T-tropic SIV Envs have been shown to use the GPR1, GPR15, STRL33, and ChemR23 receptors when CD4 is present. However, only the M-tropic 316 Env has been shown to use both CCR5 and GPR15 for entry of CD4-negative cells (51) . It is possible that CD4-independent use of alternate coreceptors may play a role in expanded SIVmac cell tropism. Recently, rhesus macaque macrophages have been shown to express low levels of CD4 (2, 44) . This, coupled with the relative CD4 independence of the four M-tropic SIVmac Envs studied here suggests that M tropism and CD4 independence are linked.
To determine whether M tropism might be correlated with the use of alternative coreceptors either in the presence or absence of CD4, we examined the ability of the M-tropic Envs to elicit fusion with cells expressing the human or rhesus receptors GPR1, GPR15, and STRL33 either with or without CD4. Only human STRL33 and GPR15, and RhGPR15, supported CD4-independent fusion (data not shown). As previously described, rhesus STRL33 did not support fusion with any of the tested Envs due to the presence of an arginine at position 31 in the STRL33 N terminus rather than the serine present at this position in human STRL33 (46) . Thus, while human STRL33 can be used CD4 independently by the 316 and 1A11 Envs, the rhesus homolog does not support virus infection (46) . We further examined the ability of the M-tropic SIVmac Envs to utilize RhGPR15 in a CD4-independent manner. We have previously shown that use of alternative receptors such as STRL33 by SIVmac strains sometimes occurs only when the receptor is expressed at artificially high levels (53) . We therefore tested the ability of these Envs to utilize limiting levels of RhGPR15 on CD4-negative cells to support virus infection. As shown in Fig. 3 , CD4-independent infection of RhGPR15-expressing cells was less efficient than CD4-independent use of CCR5. Infection of RhGPR15-expressing cells declined rapidly as the level of coreceptor decreased, while infection of CCR5-expressing cells declined more slowly. Thus, while RhGPR15 could be used CD4 independently, this was only observed at high levels of receptor expression. In contrast, RhCCR5 was used more efficiently in the absence of CD4 at low levels of receptor expression. Therefore, it is more likely that CCR5 is the relevant receptor utilized for entry of macrophages that express limiting levels of CD4.
Sensitivity of CD4-independent Envs to neutralization by immune serum. The CD4-independent HIV-1 Env proteins examined to date are notable for being far more sensitive to antibody-mediated neutralization than their closely related CD4-dependent counterparts (24, 31) . In addition, SIVmac316 is more sensitive to neutralization than SIVmac239 (42) . To determine whether neutralization sensitivity, CD4 independence, pathogenicity, and M tropism are associated in the SIV system, we examined the ability of sera from SIVmac239-infected rhesus macaques to neutralize pseudotypes bearing the parental 239 Env or any of its M-tropic, CD4-independent relatives. Assays were performed with 293T cells expressing both RhCD4 and RhCCR5 or with 293T cells expressing RhCCR5 alone. As shown in Fig. 4A , virus pseudotypes bearing the CD4-dependent 239 Env were neutralization resistant, a finding consistent with previous reports (4). In contrast, the M-tropic, CD4-independent Envs 17E-Fr, 316, 1A11, and 1100 were easily neutralized by both of the sera examined. We observed that the least CD4-independent Env, 17E-Fr, was less sensitive to neutralization than the most CD4-independent Envs (1100 and 1A11), demonstrating a correlation between level of CD4 independence and neutralization sensitivity. Furthermore, neutralization assays performed with target cells expressing only RhCCR5 demonstrated that CD4-independent infection was more easily neutralized than CD4-assisted entry (Fig. 4B) . These experiments demonstrated that antibodies are generated in animals infected with SIVmac239 that, while being unable to neutralize SIVmac239, neutralize closely related CD4-independent, M-tropic viruses. Furthermore, entry is more easily neutralized in the absence of CD4 than in its presence.
sCD4 triggering of SIVmac239 Env renders it neutralization sensitive. Our previous work with a CD4-independent HIV-1 strain showed that the Env protein from this virus exists in a partially triggered conformation in which the conserved coreceptor binding site exhibits enhanced exposure (27) . As a result, MAbs that bind to epitopes within the highly conserved bridging sheet of gp120 efficiently neutralize this CD4-independent Env (24, 27) . Binding soluble CD4 (sCD4) to the closely related, CD4-dependent parental Env enabled CD4-induced antibodies to bind to this gp120 protein equally well (27) . We reasoned that binding sCD4 to the 239 Env might trigger conformational changes that make it resemble CD4-independent Env proteins, thus making it sensitive to antibodymediated neutralization. Previous studies have shown that addition of sCD4 to SIVmac239 enables it to fuse with CD4-negative, CCR5-positive cells (51) . Therefore, we performed cell-cell fusion assays by using either the CD4-independent SIVmac316 or 1A11 Envs or the SIVmac239 Env protein in the presence or absence of sCD4 to expose the CCR5 binding site. The Env-expressing cells were then incubated with normal macaque sera or sera from one of eight different SIVmac239-infected animals at a 1:50 dilution for 1 h prior to addition of target cells. The extent of cell-cell fusion was assayed 8 h later. When target cells expressed RhCD4 and RhCCR5, the 239 Env protein was neutralization resistant, while the SIVmac316 and 1A11 Envs were more easily neutralized by most of the serum samples (Fig. 5) . When target cells expressed CCR5 alone, the 316 and 1A11 Env proteins elicited membrane fusion, while SIVmac239 Env elicited fusion only when incubated with sCD4 as expected. Under these conditions, all three Env proteins were easily neutralized by all eight of the SIVmac239-infected macaque sera (Fig. 5) . These results indicate that the M-tropic, CD4-independent Env proteins studied here are more sensitive to antibody-mediated neutralization in the absence of CD4 than in its presence. In addition, the neutralization-resistant, CD4-dependent 239 Env protein was made as neutralization sensitive as the closely related M-tropic Envs upon incubation with sCD4, indicating that conformational changes induced by CD4 binding, likely including exposure of the CCR5 binding site, lead to enhanced neutralization sensitivity.
Analysis of SIVmac239 V1/V2 region glycosylation mutants. While SIVmac239-infected animals typically fail to elicit antibodies that are competent to neutralize the homologous 239 Env, they do produce antibodies that can neutralize closely related, M-tropic SIVmac strains that are CD4 independent (61). In addition, sera from these animals can effectively neu- (Fig. 5) . Recent studies have shown that the removal of N-linked glycosylation sites in gp120 can also contribute to neutralization sensitivity (30, 48) . Reitter et al. have shown that removal of glycosylation sites from the V1/V2 region of SIVmac239 Env results in a neutralizationsensitive virus that, when used to infect rhesus macaques, elicits an enhanced neutralizing antibody response, including antibodies that neutralize the fully glycosylated SIVmac239 virus (48) . The structure of the HIV-1 gp120 molecule shows that the stems of the V1/V2 and V3 loops flank the conserved CCR5 binding site region, and it has been proposed that the variable loops, as well as carbohydrate chains, occlude this region in the native protein (33) . Removal of glycosylation sites in this region could result in exposure of the CCR5 binding site and facilitate CD4-independent infection. To test this hypothesis, SIVmac239 Env proteins lacking pairs of N-linked glycosylation sites in the V1/V2 region of gp120 were expressed on QT6 cells and examined for their ability to elicit fusion with CCR5-positive cells either in the absence or presence of CD4. As shown in Fig. 6 , elimination of the 4th and 5th, 4th and 6th, or 5th and 6th N-linked glycosylation sites in SIVmac239 gp120 enabled these proteins to elicit fusion in the absence of CD4. Generally, fusion activity was ca. 40% of the fusion levels seen in the presence of CD4 (Fig. 6) . Thus, partial deglycosylation of SIVmac239 gp120 can impart CD4 independence and neutralization sensitivity, reduce pathogenicity, and, at least under some conditions, result in a more robust humoral immune response. Identification of neutralizing epitopes exposed in CD4-induced and CD4-independent Envs. The results shown above indicate that relatively subtle modifications in the SIVmac Env protein can have profound effects on tropism, pathogenicity, and neutralization sensitivity and that these traits can be associated with a CD4-independent phenotype. To study the mechanism by which these modifications render Env neutralization sensitive, we tested the ability of MAbs to inhibit fusion elicited by SIVmac239 Env, the M-tropic relatives of SIVmac239, and the glycosylation mutants described above.
Env-expressing cells were incubated with MAbs prior to mixing with target cells expressing RhCCR5 in the presence or absence of RhCD4. When target cells expressed both CD4 and CCR5, neutralization was either not observed or was relatively modest (Fig. 7B) . Only the 1A11 Env was readily inhibited by several of the antibodies. Fusion elicited by some of the other Envs was typically inhibited by MAbs 7D3 and 8C7, which block CCR5 binding, by 25 to 50% under the conditions tested. SIVmac239 Env was resistant to all of the MAbs except for 8C7, which inhibited fusion by ca. 30% (Fig. 7B) .
While the MAbs inhibited fusion with CD4-positive, CCR5- positive cells inefficiently, much greater inhibition was obtained when target cells expressed CCR5 alone. Neutralization of the CD4-independent Env proteins was obtained with MAbs that recognized either the V3 loop (36D5) or conformational epitopes that block CD4 binding (5B11), CCR5 binding (7D3), or both (4E11 and 8C7) (Fig. 7A) (19) . MAbs to other determinants, including the V1/V2 region, did not neutralize fusion under the conditions examined (data not shown). Results with the V3-loop MAb were variable, perhaps due to differences in binding of this MAb to the different Env proteins. To obtain fusion with the CD4-dependent SIVmac239 under these conditions, sCD4 was added. Triggering with sCD4 made the 239 Env more susceptible to neutralization by an MAb to the V3 loop (36D5), as well as by MAbs that blocked CCR5 and/or CD4 binding. These results indicate that fusion in the absence of membrane expressed CD4 is more susceptible to inhibition by antibodies that block receptor binding.
DISCUSSION
SIVmac239 is a pathogenic, neutralization-resistant, CD4-dependent, T-tropic virus. Several macrophage-tropic relatives of SIVmac239 have been described, including SIVmac316, 1A11, 1100, and 17E-Fr. The 316 virus was derived by cloning novel Env sequences into the SIVmac239 provirus; thus, all viral genes other than Env are identical between these viruses, and differences in tropism, pathogenicity, and neutralization sensitivity can be attributed directly to the Env protein. The Env proteins from the M-tropic viruses share on average 97% amino acid homology with SIVmac239 Env and 95% amino acid identity with each other. The V3 loop does not appear to be a determinant of M versus T tropism since the 316 and 239 Envs have identical V3 sequences. Other M-tropic viruses do encode amino acid changes in the V3 region, but none of these changes are consistently observed. Therefore, M tropism evolved in these viruses without requiring V3-loop sequence modifications. Only a lysine-to-threonine substitution at position 573 in gp41, which has been shown to enhance macrophage tropism (44) , was consistently observed in the M-tropic Envs. Similarly located changes have been identified in the gp41 proteins of CD4-independent HIV-2 and have been hypothesized to lower the activation threshold required for gp120 triggering (47) .
While SIVmac strains rarely use CXCR4, it is possible that use of an alternative coreceptor could contribute to SIVmac tropism. We found that coreceptor choice was not responsible for M tropism in this panel of virus Env proteins. All of the viruses used RhCCR5 and RhGPR15; none used RhCXCR4 or RhSTRL33. In addition, the efficient use of alternative coreceptors such as STRL33 often requires levels of receptor expression that far exceed those found on primary cell types (53) . We found that all of the M-tropic Envs that are closely related to SIVmac239 studied here were able to infect CCR5-positive cells independently of CD4. Recent studies by Bannert et al. and Mori et al. have demonstrated that rhesus macrophages express very low levels of surface CD4 (2, 44) . Previous FIG. 5 . "Triggered" Env neutralization by SIVmac239-infected rhesus macaque sera. Fusion assays were performed essentially as described in the legend to Fig. 1 . Effector cells expressing the indicated Env protein were incubated for 1 h with SIVmac239-infected rhesus macaque serum at a 1:50 dilution for 1 h prior to the addition of target cells expressing CCR5. Sera from eight different animals were tested. All macaque sera were isolated 24 weeks postinfection. In addition, normal macaque serum (NMS) was used to control for nonspecific virus neutralization. Membrane-bound rhesus macaque CD4 (mCD4) was expressed in CCR5 target cells where indicated. SIVmac239 Env was triggered with sCD4 at a concentration of 2 g/ml at the time of serum addition. At 8 h postmixing, cells were lysed and an aliquot of lysate was analyzed for luciferase activity.
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studies with purified 316 gp120 indicate that this Env has evolved an increased affinity for CD4 relative to that of 239 Env (51), perhaps compensating for the low level of CD4 expression. These studies indicate that decreased dependence on CD4 is an adaptation of the virus to allow replication in rhesus tissue macrophages. It remains to be determined whether enhanced affinity for CD4 is a general property of M-tropic SIVmac strains and to what extent it may be seen in M-tropic strains of HIV-1. In addition to being associated with M tropism, CD4 independence was also associated with greatly increased sensitivity to neutralizing antibodies. Two CD4-independent HIV-1 strains have been shown to be far more sensitive to neutralizing antibodies than their CD4-dependent parental viruses (24, 27, 31) . The CD4-independent HIV-1 strain that we studied, for example, has been efficiently neutralized by every HIV-1-positive human serum sample we examined (24, 27) . Therefore, the humoral immune response may provide strong selective pressure against the emergence of CD4-independent HIV-1 strains that might otherwise exhibit broadened cellular tropism. In the case of SIVmac, SIVmac316 was recently shown to exhibit a neutralization-sensitive phenotype (42) . In this study, we found that all of the M-tropic, CD4-independent strains we studied were easily neutralized by a panel of SIVmac239-infected macaque sera, even though SIVmac239 itself was neutralization resistant. It is interesting that several of the CD4-independent SIVmac Envs studied here were isolated for their neurotropism (1100 and 17E-Fr) or have been detected in brain tissue (SIVmac316) (43, 52, 55) . As an immune-privileged site, the brain may represent a reservoir in which CD4-independent viruses can evolve in the absence of a strong humoral immune response. It will be interesting to determine whether CD4-independent HIV-1 strains can be isolated from the central nervous system, especially at the end stage of disease.
Why are CD4-independent viruses more easily neutralized? In the case of the CD4-independent HIV-1 strain 8x, the conserved CCR5 binding site in the bridging sheet region of gp120 exhibits enhanced exposure, as judged by the ability of 8x gp120 to bind directly to coreceptor, as well as to CD4-induced antibodies that bind to this region (27) . Normally, this region only becomes exposed after CD4 binding. Thus, CD4-independent HIV-1 strains may exist in a partially triggered conformation. We have previously shown that SIVmac17E-Fr gp120 binds directly to CCR5 in the absence of CD4 (21) . While SIVmac239 gp120 can also bind directly to CCR5 (41) , it does so less efficiently. These observations suggest that the bridging sheet region is more greatly exposed in CD4-independent SIVmac Env proteins as well. Since this domain is important for coreceptor interactions, which in turn are critical for virus entry, binding of antibodies to this normally sequestered region would be expected to neutralize virus. Indeed, we found that several MAbs that prevent SIVmac gp120 binding to CCR5 exhibited enhanced neutralizing activity against CD4-independent SIVmac strains. Finally, studies performed by Means et al. with the 239 and 316 viruses indicate that sequence changes leading to CD4 independence alter the conformation of the V3 loop, resulting in sensitivity to sera that fails to neutralize the identical V3 sequence in the context of 239 gp120 (42) .
We have found that the efficiency of SIVmac neutralization is related in part to the types of receptors expressed on the target cell. For example, it is easier to prevent SIVmac infection of CD4 cells (19) . These differences may be related to the affinity with which Env binds to coreceptors: while SIVmac gp120 binding to CCR5 is readily detected, we have been unable to detect binding of monomeric SIVmac gp120 to other coreceptors, including STRL33 (21). Increased affinity (or receptor density) may result in more rapid membrane fusion and virus entry, making virus more difficult to neutralize (15) . In this study, we found that the presence of CD4 on the target cell had a significant impact on neutralization sensitivity. Even CD4-independent viruses were more difficult to neutralize when target cells expressed both CD4 and CCR5. The reason for this is not clear but could reflect the fact that if SIVmac can attach to the cell surface via high-affinity interactions with CD4, the chances of encountering a coreceptor may be increased. Consequently, the ability of low-affinity antibodies that prevent coreceptor binding to neutralize virus may be decreased. In the absence of CD4, direct binding to coreceptors becomes more important, and antibodies that prevent coreceptor binding, such as those directed against the V3 loop, might neutralize virus more efficiently as we observed in this study. A complete understanding of why CD4-independent SIVmac strains are more easily neutralized than CD4-dependent viruses will require a greater understanding of the structural determinants of CD4 independence.
The ability of CD4-independent SIVmac strains to be easily neutralized may provide insights into how Env can be modified so as to enhance immunogenicity. Several vaccine studies with what we have demonstrated here to be CD4-independent viruses have been shown to prime the humoral immune response. Studies with 1A11, which was the most neutralizationsensitive and CD4-independent Env of the panel examined, demonstrated that 1A11 elicits a neutralizing antibody response that increases for several months postinfection (38) . Prior infection with 1A11 has been shown to either completely protect animals subsequently challenged with the acutely pathogenic SIVmac251 strain or to significantly delay the onset FIG. 7 . Identification of exposed structural domains on "triggered" Envs. Fusion assays were performed as described in the legend to of clinical symptoms infection (38) . Studies with 17E-Cl, bearing an Env that differs from 17E-Fr only by expression of a full-length gp41, have shown it to protect macaques from a stringent B670 challenge (10) . In this case, protection of macaques required maturation of the humoral immune response to recognize conformational epitopes with an increase in avidity for 6 to 8 months postimmunization (11, 12) . Finally, infection of macaques with SIVmac239 with genetic deletions of glycosylation sites in the V1/V2 region results in a strong neutralizing antibody response in the infected animals that is also capable of neutralizing the fully glycosylated parental 239 Env (48) . We have shown here that these Envs have gained CD4-independent function and hypothesize that it is exposure of the coreceptor binding site in these Envs that elicited the strong humoral response. These studies support the hypothesis that CD4-independent Envs could be utilized as immunogens to generate neutralizing antibodies that recognize the coreceptor binding site, which is a highly conserved site among heterologous SIVmac Envs. It will be important to characterize the diverse structural determinants in this panel of M-tropic Env proteins that result in CD4 independence, neutralization sensitivity, and enhanced immunogenicity in order to determine ways in which genetic modification of Env can result in better immunogens.
